Postsynaptic membrane rafts (or lipid rafts) (PSRs), together with the postsynaptic density (PSD), are believed to be major sites important for postsynaptic signaling, function, and plasticity. Although the PSD has received much attention and is extensively investigated, PSR roles and their relationship with PSDs are poorly understood. Our recent work has identified PSD-PSR complexes from synaptic membranes of the rat brain and demonstrated specific interactions between them in vitro. Here, we review recent progress in this field, focusing on the molecular identities of the PSR, its biochemical purification, and its potential roles in postsynaptic signaling, function, and plasticity via cross talk with the PSD. We propose that the PSR and PSD are two major postsynaptic signaling domains that interact physiologically, and that PSRs are indispensable to PSD functions. Roles of PSRs in synaptogenesis, growth, and maturation of developing PSDs, and support and regulation of functions and plasticity of mature PSDs are discussed.
Introduction
Two major signaling apparatuses at postsynaptic sites are the postsynaptic density (PSD) and postsynaptic membrane rafts (PSRs). PSD is a well-known structure localized immediately underneath the postsynaptic membrane and a major protein network regulating postsynaptic signaling, function, and plasticity. On the contrary, the concept of lipid rafts is relatively new, and was first proposed in 1997. 1 The term "membrane rafts" instead of "lipid rafts" was recommended later. 2 Membrane raft domains at synaptic sites have not been well characterized, despite their potential importance at the synapse. Evidence from studies of membrane rafts in both neuronal and nonneuronal cells and subcellular regions other than synapses suggest that PSRs are important for various postsynaptic functions. Here, we review recent findings on PSRs, in particular the interaction and relationship between PSDs and PSRs, and discuss possible functional roles of PSRs. membrane specifically developed in the nervous system. Junctional structures between neuronal synapses were observed by electron microscopy in the 1950s, and the term "postsynaptic thickening" in asymmetric synapses was first used by Palay in 1958. 6 The structure was also called postsynaptic web or postsynaptic density. 3 Based on its function and properties, the PSD has also been described as the general organizer of the postsynaptic signal-transduction machinery, 3 the membrane-associated protein complex (or organelle) specialized for postsynaptic signaling and plasticity, 4 and signal-processing machines, 7 among others. 5, 8 It is now clear that the PSD is not just a signal-processing machinery that mediates synaptic transmission but is also a "synaptic plasticity generator" that can change its own properties to affect efficacies of synaptic transmission. More specifically, PSD is not a static cytoskeleton but a dynamic structure, changing its properties (size, shape, composition, etc) depending on synaptic inputs.
PSDs, along with other synaptic structures, such as synaptosomes and synaptic plasma membranes (SPMs), can be biochemically purified by subcellular fractionation. Detailed methodology and procedures have been described previously. 9 Components of the PSD, in particular those of excitatory type I synapses, were comprehensively identified using proteomics techniques by a number of groups. [10] [11] [12] [13] [14] [15] PSD proteins were also identified from the analysis of messenger RNAs associated with purified PSDs. 16 PSDs associated with typical type I synapses are disk-like structures with a diameter of about 400 nm and thickness of 60 nm. The molecular weight of a single PSD is calculated to be approximately 1 GDa (eg, ∼10,000 molecules × 100 kDa protein). 4, 17 A PSD contains several hundreds to a thousand proteins that can be classified into a wide range of functional categories. More than half of these PSD proteins have not yet been investigated, 16 although a number of major PSD proteins have been intensively characterized. It is calculated that ten to several hundred molecules of individual PSD protein species are contained in a single average-sized PSD. For example, about 20 molecules of A-kinase anchoring protein 79/159 (AKAP79/150), 20 molecules of metabotropic glutamate receptor (mGluR), 60 molecules of GluA1/2/3, 60 molecules of Homer1/2/3, 150 molecules of Shank1/2/3, 150 molecules of SAP-90-PSD-95-associated protein (SAPAP) 1-4/guanylate kinase-associated protein (GKAP), 300 molecules of PSD-95, 360 molecules of synaptic guanosine triphosphatase activation protein (synGAP), and 5,600 molecules of Ca 2+ / calmodulin-dependent protein kinase IIα/β (CaMKIIα/β) can be found in a PSD. 4 The number of CaMKII molecules contained in a single synapse varies depending on in vivo brain conditions as well as on when the brains are dissected. [18] [19] [20] Proteins in the PSD are classified into two groups based on their functions: those that assemble the cytoskeletal base of the PSD, such as scaffolding/adaptor proteins, cell adhesion proteins, and cytoskeletal proteins, and those that are attached to the PSD cytoskeletal base, such as channels, receptors, and proteins involved in the various cellular signaling cascades, metabolism, and membrane trafficking. Models of molecular architecture of PSD cytoskeletal bases have been proposed. 5, [21] [22] [23] [24] Combining the concepts of these models, the PSD cytoskeletal base makes the PSD-95-GKAP-Shank protein web (two-layer networks), which consists of PSD-95 extending perpendicularly from SPM to the cytoplasm with its N-terminus attached to the SPM, the ProSAP/Shank platform (PSP) localizing deep in cytoplasm, and GKAP connecting the PSD-95 layer and the PSP (Figure 1 ). The model proposed by Chang's group is unique in that microtubules and CaMKII are also incorporated into Layer of receptors, channels and cell adhesion molecules 3 Postsynaptic density and postsynaptic membrane rafts the core regions of PSD cytoskeletal bases. 23, 24 PSD proteins other than the core-forming ones are supposed to be positioned to appropriate sites of the PSD cytoskeletal bases for compartmentalization and efficiency of cellular signaling processes. PSRs have not been included in current models of postsynaptic structures, and will certainly need to be added in the future.
Identification of PSD-PSR complexes
Membrane rafts are specialized membrane domains highly enriched with cholesterol and sphingolipids, thought to compartmentalize cellular processes. They are heterogeneous in composition and size. Under static unstimulated conditions, these domains are generally small (in the order of 10 nm or less), but under stimulated conditions they make dynamic changes. Upon certain stimulation, small rafts can be stabilized to form larger platforms. This change is reversible. It is believed that these platforms can facilitate signal transduction and provide sites for vesicular trafficking and fusion, anchors for cytoskeletons, and support functions of transmembrane proteins, such as channels, receptors, and cell adhesion molecules. Raft domains are purified as detergent-insoluble membranes (DRMs) at low temperatures as aggregated states. DRMs are not the same as the rafts in vivo, but are useful resources for biochemical analysis, in particular for investigation of the molecular components of membrane rafts.
The relationship between PSDs and PSRs has been a point that requires clarification, because both structures are insoluble to nonionic detergents at low temperatures. Soon after the lipid raft concept was proposed, we identified one type of PSR (dendritic rafts) on the upper portion (ie, the 0.32/1.0 M sucrose interface versus PSD at the 1.5/2.1 M sucrose interface) of the sucrose gradient used for PSD purification, 25, 26 and found numerous PSD proteins in this fraction. Later, we purified PSRs from SPMs using a different protocol, which is more authentic to general DRM-purification protocols, 9, 27 and determined protein components of SPM-DRMs (SPM-derived DRMs) by proteomics and compared them with those identified in the SPM-derived PSD. 28 Both SPM-DRMs and PSDs are composed of functionally diverse classes of proteins. The large heterogeneity of protein categories found in the SPM-DRM and PSD fractions supports the view that PSRs and PSDs are involved in diverse functions at postsynaptic sites. In contrast, a substantial portion of proteins, in particular typical raft-associated proteins, multiple cell adhesion molecules, channels/transporters, and G-protein/small G-protein, reside preferentially in PSRs, suggesting specific roles of PSRs compared with those of PSDs. Furthermore, many proteins are distributed in both PSDs and PSRs, suggesting a large protein overlap among the two postsynaptic structures. This heavy overlap was found to be due, at least in part, to the presence of PSD-raft complexes in the SPM-DRM. Figure 2 summarizes the solubilization process of SPMs with Triton X (TX)-100. We should note that the yield and composition of proteins and PSD structures contained in SPM-DRMs are highly dependent on specific detergents used as well as the concentration of the detergent and detergent: protein ratio. DRM was effectively isolated after treatment with 0.05%-0.5% of TX-100, and was disrupted at 1.0% and higher concentrations, as judged from G M1 ganglioside distribution ( Figure 2A ). We selected SPM-DRMs obtained after treatment with 0.15% TX-100 for electron microscopy examination, because we expected from the G M1 gangliosidedistribution profile on the sucrose density gradient that raft domains and associated structures were minimally damaged by the low concentration of TX-100. Thus, we were able to identify PSD-PSR complexes with morphologically intact PSDs in the SPM-DRM. Under our condition, 0.15% TX-100 concentration makes detergent: protein ratio of 5.6:1, and is equivalent, for example, to the system using 3.3 mg/mL of SPM proteins and 1% TX-100 (the same detergent: protein ratio). Thus, the concentration of TX-100 for preparing DRMs is not too low compared with widely used conditions (1.0% TX-100). We could not detect PSD-PSR complexes with morphologically intact PSDs in the previous "dendritic raft" fraction, 26 possibly due to destruction by higher concentration of TX-100 (0.5%) and higher detergent: protein ratio (8.9:1), which is equivalent to 3.0% TX-100 in our recent system. Identification of PSD-PSR complexes is possible also due to the unique properties of TX-100, which is weak in disrupting raft-cytoskeleton interactions. [29] [30] [31] On the contrary, β-octyl-D-glucoside (OG) completely disassociates PSD structures from PSRs and leaves DRMs with only a few raftrelated proteins. This complete separation observed in OG treatment may be explained by the presence, at the margin of each raft domain, of a lipid environment that is sensitive to OG extraction, as suggested by the lipid-shell hypothesis. 32, 33 The isolation of PSD-PSR complexes in our study was expected, because PSRs are relatively stably connected to PSDs and may provide attachment sites for PSD cytoskeletons/scaffolds. The close association between PSDs and PSRs is supported by reports showing localization of typical raft proteins, such as caveolin-1, 34 striatin, 35, 36 zinedin, 37 paralemmin, 38 and NAP-22, 39 at or near the PSDs in the rat brains at the electron microscopic level. These typical raft proteins are localized to type I asymmetric PSDs, except for paralemmin in cerebellar PSDs. Our study 28 also confirmed the complex formation between PSRs and type I PSDs in SPM-DRMs. Colocalization of membrane rafts with synapses has also been reported in type II inhibitory PSDs 40 (Suzuki, unpublished observation) . Accumulating evidence demonstrates that various types of neurotransmitter receptors other than the Glu receptor, γ-aminobutyric acid A (GABA A ) receptor, and glycine receptor are also codistributed with membrane rafts. 41 Raft-associated neurotransmitter receptors include the GABA B receptor (metabotropic), 42 nicotinic acetylcholine receptor (nAChR), 43 metabotropic AChR, 44 dopamine D 1 receptor, 45 and serotonin receptors (5-HT 1-7 ), as well as 5-HT transporters 46 and purinergic receptors, both ionotropic P2X and metabotropic P2Y. 46 Additional evidence that supports raft association of non-type I synapses includes palmitoylation of GABA A receptors, 47 effects of cholesterol depletion on GABA A receptor β2/3 subunit cluster distribution, 48 and the presence and roles of membrane rafts at neuromuscular junctions. 49 Membrane raft Journal of Neurorestoratology 2014:2 submit your manuscript | www.dovepress.com
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Postsynaptic density and postsynaptic membrane rafts association of nAChR in somatic spines of ciliary neurons is also suggested. 43 Thus, raft association is common for most, if not all, synapse types.
Potential mechanisms underlying PSD-PSR interactions
PSD-raft interaction was confirmed by an in vitro binding assay, as summarized in Figure 3 . The PSD has shifted from the original heavier pellet fraction to lighter fractions on the sucrose density gradient after binding to SPM-DRMs. Purified PSDs appear to bind specifically with purified SPM-DRMs, because the PSDs do not bind with SPM and show significantly lower level of binding to DRMs derived from liver membranes. 30 This suggests the presence of specific binding molecules and mechanisms for interactions between PSDs and PSRs, although details are currently unknown. There are several ways for proteins to target raft domains in the plasma membrane through protein-protein and proteinlipid interactions. These include: 1) interactions with carboxyl chains of glycosylphosphatidylinositol (GPI)-anchored proteins, 2) membrane associations of transmembrane proteins, 3) binding to cholesterol, 32 and 4) membrane attachment via protein acylation, such as myristoylation and palmitoylation. 50, 51 PSD proteins are targets of protein palmitoylation, 50 a reversible protein modification that facilitates targeting of individual PSD proteins to PSRs. 52, 53 Proteins can also target membrane rafts indirectly by interacting with raft-localizing proteins and lipids. For example, many proteins containing specific domains such as Pleckstrin homology (PH), epsin N-terminal homology (ENTH) and N-terminal 4.1-ezrinradixin-moesin (FERM), bind phosphatidylinositol 4,5-bisphosphate (PIP 2 ) that is targeted to membrane rafts. 54, 55 PSD is a large protein complex consisting of at least several hundred proteins, some of which can directly target membrane raft domains ( Figure 4 ). CaMKII free from PSD is also associated with membrane rafts, 27, 56 but the mechanism is unknown. Thus, a single PSD appears to possess multiple means and sites for interaction with membrane rafts, which should promote PSD-PSR associations.
Distribution patterns of PSD proteins, such as neurotransmitter receptors, between PSRs and PSDs when prepared as TX-100-insolubule materials have been reported to change following global ischemia 57 and spatial memory formation. 58 This could be due to translocation of individual PSD proteins between the two subdomains mediated by one or more mechanisms outlined earlier. However, the apparent redistribution may, at least in part, be due to differences in the extent of dissociation of PSD-PSR complexes with TX-100, as suggested in Figure 2 . Mechanisms for translocation of PSD proteins between PSDs and PSRs are an important area for future investigation.
PSRs in function and plasticity of mature synapses
Accumulating evidence supports the view that PSRs are key structural components of the synapse and play indispensable roles in synaptic function and plasticity. Cholesterol and sphingomyelin, two essential components of membrane rafts, are abundant in the brain and synapses, and affect synaptic development, maintenance, and plasticity. 48, [59] [60] [61] [62] [63] [64] Presynaptic roles of membrane rafts are evident by the presence of proteins deeply linked to neurotransmitter-release mechanisms (soluble N-ethylmaleimide-sensitive factor attachment protein-receptor (SNARE) proteins, neuronal Ca 2+ sensor 1 (NCS-1), and voltage-dependent Ca 2+ channel Ca v 2.1) in the DRM, and by the impairment of synaptic release associated with decreased cholesterol level. 46 Ganglioside, a main constituent of membrane rafts, is also enriched in the brain 65 and plays a major role in cell-cell recognition and cell signaling. 66, 67 Ganglioside is involved in the maintenance of neural function and plasticity, such as membrane raft-dependent neuritogenesis in Neuro-2a cells. 68 Because membrane rafts at nonsynaptic sites play diverse roles in cell adhesion, cytoskeletal dynamics, cell signaling, and vesicular trafficking, 1, 28, 41, 69, 70 it is expected that PSRs also play multiple roles at the synapse. In mature synapses, PSDs and PSRs may act together in maintaining PSD/spine structures and supporting dynamic changes of PSD/spine morphology. PSRs can supply membrane anchor sites for cytoskeletons/PSDs and cell adhesion molecules, and can provide signaling platforms to which various signaling molecules are recruited upon extracellular stimuli. PSRs may also provide sites for membrane fusion and vesicular trafficking, 41, 70 which are necessary for synaptic delivery and endocytosis of surface-expressed receptors. 71 Indeed, membrane rafts at synapses regulate endocytosis, exocytosis, and vesicular trafficking, 41, 70 including cell-surface expression of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. 72 Raft accumulation and trafficking influence the dynamics of synaptic components in and out of the synapse. 71 Synapses in cultured neurons accumulate raft markers, and raft disruption leads to loss of synapses in vitro. 48 Cholesterol depletion hinders cell-surface delivery of nAChR in Chinese hamster ovary (CHO) K1/A5 cells heterologously expressing mouse nAChRs, suggesting that membrane rafts participate in the trafficking and synaptic delivery of neurotransmitter receptors. 73 Our proteomic analyses reveal that certain protein categories are preferentially represented in the SPM-DRM. Such groups include typical raft-associated proteins, Postsynaptic density and postsynaptic membrane rafts various cell adhesion molecules, channels/transporters, and G-protein/small G-protein. 28 The first group includes the stomatin/prohibitin/flotillin/HflK/C (SPFH) domain family (flotillin, striatin, zinedin, prohibitin, SPFH2/erlin2), paralemmin, NAP-22, and GAP43. Information on these SPM-DRM-biased proteins can offer clues to the functions of PSRs. Flotillin-1, a resident protein in noncaveolar rafts, 25 is localized to excitatory synapses, and its overexpression enhances formation of glutamatergic synapses in hippocampal neurons. 74 Flotillin-1 induces filopodia formation 74 and promotes hippocampal neuronal differentiation. 75 Flotillin induces growth cone formation and neurite outgrowth via an interaction with prion protein. 76 Striatin resides in membrane rafts 77 and associates with caveolin, and plays a role in endocytosis and cellular signaling. Striatin-deficient neurons display atrophic dendrites in vitro, and the transient and specific downregulation of striatin in rat striata is accompanied by a decrease in locomotor activity. 78 Striatin and its partner, phocein, 79 are likely to have important functions in dendritic remodeling and postsynaptic plasticity. 80 Prohibitin, 77 generally a deeply raft-related protein, is present at synaptic sites and induces changes in spine morphology. 81 A role of prohibitin as a regulator of synaptic contacts is suggested, since it is involved in the localization of the adhesion complex proteins, cadherin and β-catenin, to the plasma membrane. 82 A knockdown experiment on paralemmin-1 83 suggested a role for the protein in spine maturation and filopodia induction. A major role of NAP-22 is related to synaptic vesicle functions, 84, 85 although postsynaptic function is unknown. GAP43 depletion and overexpression suggest a role for neurite formation and axonal sprouting. 86, 87 The SPM-DRMs we obtained are highly enriched with a number of raft-marker proteins (contactin-1/F3, G-protein β-subunit, voltage-dependent anion-selective channel protein, Thy-1, and cytochrome c oxidase subunit). Properties of these proteins also support a role of PSRs in synaptic plasticity. Contactin-1 is a GPI-anchored raft protein and a member of immunoglobulin-containing cell adhesion molecules (Ig-CAMs). 88 Contactin-1 deficient mice are specifically impaired in paired-pulse facilitation and long-term depression (LTD), but not long-term potentiation (LTP), in CA1 pyramidal cells. Contactin-1 appears not to be related to synapse development but to synaptic plasticity, and in particular LTD maintenance. 89 Localization of contactin-1 in dendrites, dendritic spine heads, and PSDs in the hippocampus 90 supports its role at the synapse. Lack of Thy-1, an Ig-CAM, 89 blocks LTP. 91 Caveolins have been considered to be present only in caveolae and not in noncaveolar membrane rafts. Recently, however, extracaveolae localization and function became a point of interest. In particular, neurons, as well as leukocytes, express caveolins in spite of the absence of caveolae. 92, 93 Furthermore, caveolin-1 is localized in type I PSDs of mature synapses, which lack caveolae. 34 Therefore, the notion that caveolins are localized only in caveolae rafts (flask-shaped rafts) but not in noncaveolar planner rafts needs to be revisited. Finally, caveolin-knockout mice show neurological abnormalities 94 and impairment of spatial memory. 95 Conversely, overexpression of caveolin-1 in hippocampal neurons in culture increases synapse density, synapse protein expression, and neuronal arborization. 96 Thus, it is strongly suggested that caveolin functions not only in caveolae but also outside the caveolae. Together, roles of these preferential raft-resident proteins support involvement of PSRs in synaptic functions and plasticity.
PSRs in synaptogenesis
Many synaptogenic events, such as accumulating and clustering receptors and scaffolding proteins to specific contact sites, may be greatly facilitated by dynamic changes of membrane rafts in addition to local protein-protein interactions. 97 Roles of membrane rafts in synaptogenesis may, at least partly, be due to the presence of many synaptic cell adhesion molecules. 28, 30 Some of these cell adhesion molecules work as synapse organizers. 98, 99 Specific cell adhesion molecules accumulate at pre-and postsynaptic sites and trigger synapse formation. 88, [98] [99] [100] [101] [102] The importance of cell adhesion molecules in synaptogenesis is also evident, since gene abnormality in synaptic cell adhesion molecules and closely related proteins cause impairments in synapse and/or spine number and morphology. 99, 103 Cholesterol is also required for synaptogenesis, in addition to maturation and maintenance of synapse. 48, [59] [60] [61] [62] Synaptogenesis in vitro can be promoted by glia-derived cholesterol, which suggests that cholesterol-rich membrane rafts are involved in synapse maturation and stability. 43, 61, 104 Involvement of membrane rafts in central nervous system synaptogenesis is also suggested in a mechanism for AChR clustering, an early event of synaptogenesis of the neuromuscular junction. 49, 105, 106 Targeting to the neuromuscular junction of AChRs and rapsyn, which is necessary for AChR clustering, appears to be mediated by membrane rafts. 107 Finally, membrane rafts regulate formation of immunological synapses (ISs), 97 which possibly share common structural and functional properties and mechanisms with neuronal synapses as cell-cell contact sites (see following section).
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PSRs in postsynaptic signaling
PSDs are a major site of signal processing at the synapse. Although the PSD contains a number of signaling molecules, most signal-processing events at the postsynaptic sites may require postsynaptic membranes similar to the processing of extracellular signals in nonneuronal cells, 46, 108 where signaling molecules are recruited to temporally formed membrane raft platforms. Raft aggregation works as a switch, which turns the signaling reactions on and off. Recruitment of intracellular signaling molecules to membrane raft domains, which contain membrane proteins activated by extracellular signals, forms signalosomes, but signaling reactions last only temporally following the disintegration of raft aggregations and signalosomes. Thus, membrane rafts regulate the lateral movement of membrane proteins and intracellular signaling reactions. 108 Other factors that may affect the lateral movement of membrane proteins are "fences" and "pickets," as well as protein-protein interactions. 97, 108, 109 Fences are membrane skeletal networks, mainly actin meshwork, immediately underneath the plasma membrane, 110 and pickets are transmembrane proteins positioning at fixed sites on the membrane by cross-linking to membrane skeletal meshwork. Movement of membrane proteins, which tend to move freely in the membrane, is hindered by these physical obstacles and protein-protein interactions. Models of dynamics of membrane proteins in nonsynaptic areas are illustrated in Figure 5A . Figure 5B shows a simplified application of fence-and-picket model to the postsynaptic membrane at the synaptic region, where fences and pickets are denser than nonsynaptic areas because PSDs are more densely packed with proteins, and because membrane raft domains are highly heterogeneous and abundant due to enrichment of cholesterol 33 and gangliosides. 65 Under these conditions at the postsynaptic region, cellular signaling may be greatly facilitated during synaptic activation. Coalescence of PSRs may occur more easily and frequently, and coalesced PSRs tend to last longer due to stabilization by interactions with numerous PSD proteins. This may cause rapid, frequent, multiple, and widespread signaling and facilitates signaling at postsynaptic sites. Therefore, it is highly plausible 
Non-synaptic membrane
Involvement of PSRs in PSD thickening, one type of synaptic plasticity
We reported the phenomenon of PSD thickening, which was caused by translocation of CaMKII into PSDs. 18 It was later shown that PSD thickening occurs not only under pathological conditions such as ischemia, as we suggested initially, but also occurs under near physiological conditions upon synaptic activation or potentiation under high K + stimulation, following glutamate/glycine stimulation, and after chemically induced LTP. 111, 112 In contrast to the irreversible nature of ischemia-related PSD thickening, PSD thickening following synapse stimulation is reversible.
Our recent study suggests that PSD thickening is related to membrane rafts. 27 PSD thickening appears to be caused by translocation of CaMKII molecules into the PSD and accumulation of clustered CaMKII in the PSD. The CaMKII clustering can be induced in cultured neurons by glutamate/ glycine and in CaMKIIα-transfected human embryonic kidney (HEK) 293 cells by ionomycin. 113 Using these protocols, we found that 1) CaMKII, either in clustered or nonclustered form, is associated with membrane rafts, 2) membrane rafts become stabilized when CaMKII are clustered, being resistant to TX-100 solubilization subsequent to cholesterol extraction with methyl-β-cyclodextrin, and 3) CaMKII clustering traps PSD-95, which is also localized to membrane rafts independently of CaMKII, into CaMKII clusters in stabilized membrane rafts. Figure 6 summarizes the experiment showing this PSD-95 trapping by CaMKII cluster-containing membrane rafts. 27 It is well established that CaMKII binds a number of PSD proteins 114, 115 and that CaMKII may serve as a seed molecule for PSD protein assembly. 113 Trapping of PSD proteins into CaMKII cluster-containing membrane rafts, which possibly leads to PSD thickening, might be a mechanism for PSD enlargement and strengthening. CaMKII-containing membrane rafts can trap PSD proteins localized in the rafts and/or proteins with affinity to membrane rafts, even if they do not directly interact with CaMKII. The trapping of PSD-95 is a typical example. Many other PSD proteins with the potential to associate with membrane rafts can be trapped into CaMKII cluster-associated PSDs in a similar manner. Thus, PSRs may be involved in this type of synaptic plasticity. This is an example of functional interplay between PSDs and PSRs.
Roles of membrane rafts in nonsynaptic cell-cell contact sites
Synapses in the brain are specialized forms of cell-cell contact sites. Various types of cell-cell contact sites may share common structural and functional properties and mechanisms, although they are specifically differentiated structures and thus hold their own characteristics. Therefore, one can deduce fundamental properties of synapses, such as functions of synaptic rafts, from other well-investigated and -characterized types of cell-cell contact sites. ISs and tight junctions are such examples. ISs are formed between T cells and other immunological cells, in particular antigenpresenting cells (APC), 116, 117 are constituted with different proteins, and lack "PSD-like" large protein complexes immediately underneath the plasma membrane. However, ISs and neuronal synapses share common structural and functional properties. Both structures are specialized devices developed for efficient cell-cell communication and signaling, to which cell adhesion molecules, ligand proteins, and receptor proteins are mobilized. Both are dynamic structures, because ISs are formed only transiently and neuronal 
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Postsynaptic density and postsynaptic membrane rafts synapses also change their size, morphology, and number frequently in response to activity. Tight junctions are also called epithelium synapses, 118 because they are enriched in synaptic and signaling proteins, and the cytoplasmic side underlying tight junctions contains multimolecular protein complexes similar to PSDs of neuronal synapses. 119 Raft involvement in postsynaptic activities is supported by the knowledge gained for membrane rafts of ISs and tight junctions. It has been clearly shown that IS membranes contain membrane raft domains, which were visualized by fluorescein isothiocyanate-labeled cholera toxin B subunit, a G M1 ganglioside probe. 120 Membrane rafts are already a recognized component in molecular architecture models of ISs. 97, 121 Involvement of membrane raft activities is indicated in the formation, maintenance, and functions of ISs. It is suggested that membrane rafts in future IS regions are stabilized and then aggregated in a receptor-mediated manner at the early stage of IS formation, and this may be necessary for mobilization of IS components to IS and intracellular T-cell signaling. 97 Tight junctions are also associated with membrane raft domains and raft-associable proteins. 122, 123 In addition, cell adhesion points and cell-cell contact regions are particularly enriched in membrane rafts, 124 which suggests that these sites require activities of membrane rafts. Thus, it is likely that association and coordination of synapses and synapse-like structures with membrane rafts are common mechanisms for sustained and large-scale (∼a few μm) cellcell signaling.
Conclusion
PSRs are essential components of postsynaptic signaling machinery connected to PSDs, providing membrane anchor sites for PSD cytoskeletons/scaffolds, as well as signaling platforms and sites for membrane fusion and vesicular trafficking. As a result, PSRs and PSD-PSR interplay may play important yet underappreciated roles in synaptogenesis, synapse maturation and maintenance, and synaptic function and plasticity. Possible roles of membrane rafts at postsynaptic sites are summarized in Figure 7A . Membrane rafts are distributed in both pre-and postsynaptic sites in all components of a neuron, including axons, dendrites, and somas, and in both immature and mature neurons, suggesting widespread functions for them in the central nervous system.
Based on tight and dynamic physical interactions between PSDs and PSRs and their associated proteins, it is likely postsynaptic activities require both PSDs and PSRs. We propose that PSDs and PSRs work together at all developmental stages of the synapse. Figure 7B depicts our working hypothesis on PSD-PSR coupling that may be involved in molecular processes of synaptogenesis, synaptic growth, synaptic stability, and plasticity. Membrane raft domains in dispersed states at the sites of future synapses may assemble into platforms where receptors and cell adhesion molecules assemble and form clusters. PSD core components containing certain scaffolding/adaptor proteins and cytoskeletal proteins then begin to accumulate and assemble, and initial PSD-and PSR-containing structures may be formed at these sites. Scaffolding/adaptor proteins and molecules necessary for PSD functions, such as signaling molecules, are added and allocated strategically to proper sites in the PSD-and PSR-containing structures, and these structures develop as synapses mature and stabilize.
PSRs have not been included in current models of postsynaptic structures and functions, and will certainly need to be added in the future. Many more studies are required to provide detailed information on underlying mechanisms, dynamic regulation, and physiological significance of PSD-PSR interactions. Investigations of PSRs and PSDs are essential to understand synaptic transmission and its regulation and plasticity under both physiological and pathological conditions. Furthermore, augmentation of synaptic raft function may lead to strengthening and repair of synaptic function. 96, 125 The knowledge gained will be important for developing therapeutical approaches to neurological and psychiatric diseases caused by synapse dysfunctions.
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